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Submitted to the Department of Biology on August 13, 1973 in part-
ial fulfillment for the requirements for the degree of Master of
Science.
In 1968, an open pit copper-zinc mine began discharging tail-
ings into a small embayment in upper Penobscot Bay, Maine. A
study of the area by the Federal Water Quality Administration (now
EPA) revealed high levels of heavy metals (other than mercury) in
the area, but concluded that the effluent was producing no adverse
effects on the benthic infauna community near the mine outfall.
The FWQA study was criticized by Maine state fisheries biologists,
who pointed out many inconsistencies in the FWQA study. The pre-
sent study was undertaken to duplicate the FWQA study on a smaller
scale with the hope of producing detailed plots of sediment metal
concentrations and benthic infaunal diversities.
As background, documented effects of heavy metals on marine
and estuarine organisms are reviewed. Theories concerning the
causes of species diversity in natural communities are briefly out-
lined and mathematical indices used to quantify species diversity
are reviewed briefly. Studies concerning benthic infaunal com-
munities along the New England coast, especially with respect to
animal-sediment relationships, are summarized.
A grid pattern of 25 sampling stations was established in the
channel separating Holbrook Island and Cape Rosier at the town
of Brooksville, Maine. Sediment samples were analyzed for Zn, Cu,
Pb, and Cd. At the station nearest the outfall, values, in ppm,
were: Zn--8000; Cu--3000; Pb--580; and Cd--36. At a control
station (not subject to influence of the mine effluent, but show-
ing the high background of the area due to a long local history
of mine operations ),the following values were recorded: Zn--100,
Cu--20; Pb--36; and Cd--0.4. Based on a statistical analysis of
the data, it is concluded that the mine is the primary source of
heavy metals in the area.
Time constraints prevented complete analysis of faunal samples.
Too little dataare available for application of diversity indices.
The sampling program is not believed to be sufficiently compre-
hensive to adequately describe the community in the embayment.
Trends in the population of the community dominants Nucula
proxima and Nephthys incisa are believed to indicate possible
adverse effects due to heavy metals in the sediments. Not enough
data are available to conclude this with certainty.
Thesis Supervisor - Phillips W. Robbins
Title: Professor of Biology
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INTRODUCTION
The discharge of heavy metals into inland and coastal waters
has received increased attention over the last decade, both be-
cause of potentially acute toxicity to humans, and because of the
possibility of damage to highly productive aquatic ecosystems.
Few quantitative studies have been undertaken to investigate the
effects of heavy metals on aggregations of organisms, not just
individual species. This investigation is an attempt to quantify
the relation between heavy metal effluents and the distribution
of benthic fauna (in terms of species diversity, abundance of in-
dividuals in each species, and biomass).
At Cape Rosier, Maine (Figure 1), an open pit copper-zinc
mine discharged its processing effluent into Penobscot Bay from
early 1968 until mid 1972. The area in question is located on
the east side of Upper Penobscot Bay in Hancock County, Maine, an
area reputed to be the most productive in the world for lob-
sters and soft shell clams (FWQA, 1970; Dow, 1969).
Dow and Hurst (1971a) criticized a Federal Water Quality
Administration study (1970) on the effects of this mine's efflu-
ents. They stated that many discrepancies in the FWQA study
suggest that this investigation was carried out unsystematic-
ally. Also, Dow and Hurst stated that the main FWQA conclusion
(that the mine effluent has had a detrimental effect only on a
very small area) cannot be deduced from the data gathered by
the FWQA study.
The 1971 MIT Ocean Engineering Summer Laboratory partici-
FIGURE I
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9pants undertook a limited qualitative investigation in the embay-
ment northeast of the outfall bounded by Holbrook Island, Nautilus
Island, and the mainland of Cape Rosier (Figure 2) at the Summer
Laboratory base at Maine Maritime Academy, Castine (one mile north
of the mine) (Cummings & Wyman, MITSG 72-3, 1972). Most effort
in 1971 was directed toward the design and construction of ocean-
ographic instrumentation to be used in tracing the flow of mine
effluent in the embayment (hereafter referred to as Holbrook Cove).
However, a decision was made to intensively study Holbrook Cove
as one of two major projects of the 1972 Summer Laboratory.
In July, 1972, thirteen student participants designed and
executed, with varying degrees of success, projects concerning
the tides, currents, temperature, salinity, dissolved oxygen
content, primary productivity, bottom topography and sediment
particle size distribution, and benthic infaunal community
characteristics, related to the effluent from the mine in Holbrook
Cove (MITSG 72-19, 1972). This report presents only the results
of the last investigation.
Dow and Hurst's (1971a) critique of the FWQA (1970) study
pointed out that the FWQA sampling stations (Figure 1) within
the immediate vicinity of Holbrook Cove do not adequately delineate
the distributional limits of the mine effluent, and that their
use of stations within Holbrook Cove (#1, 2, 3, and 4 in Figure 1)
as controls may not be justified.
One objective of this investigation was to produce a high-
resolution chart of heavy metal concentrations in the sediments
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of the channel between Holbrook Island and the Cape Rosier out-
fall, located in Goose Cove (Figure 3). The metal concentrations
in the sediments at each sampling station were to be compared
with biotic parameters related to the stability of the benthic
infaunal community at each station (number of species, number of
individuals, and biomass). It was also planned that the FWQA
(1970) stations within Holbrook Cove would be resampled and the
data compared withthe 1970 data. However, very severe discrep-
ancies between the plotted sampling stations (FWQA, 1970, page 9;
reproduced as figure 1 in this report) and the tabulated coordin-
ates FWQA, 1970, page 60) prevented the precise relocation of
these stations. Consequently, this aspect of the study was aban-
doned.
Severe time constraints on the sampling in Maine, and on
sample analysis at MIT, combined with the author's inexperience
with some of the analytical methods used, hindered the aggregation
of large amounts of data on which statistical analyses could be
performed. This possibility was foreseen before sampling was
begun, but its severity was underestimated.
History and operational procedures of the mines In 1968, opera-
tions were undertaken by the Callahan Mining Corporation in the
area near Goose Pond on Cape Rosier, Maine, to exploit local de-
posits of copper and zinc ore. The mouth of Goose Pond (Figure 2)
was dammed, the pond pumped dry, and a large open pit excavation
was begun. Sea water was used in the aqueous flotation and ore
separation process. This water was pumped from Holbrook Cove
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from a site adjacent to-the outfall (Figure 4), and used in the
mill processing. It was then dumped into a settling pond, where
55% of all suspended solids were removed (FWQA, 1970). The efflu-
ent was pumped into Holbrook Cove through a subsurface outfall
pipe. Sump pumps which kept the open mine free of ground seepage
also emptied into Holbrook Cove. During the four years of opera-
tion of the mine, fine sediment suspended in the effluent entered
the Cove and large portions probably settled there.
In July, 1972, mining operations appeared to be minimal.
Scuba diver observations of the mill outfall pipe indicated no
discharges. Two small (4") above water discharge pipes were
draining a small quantity of water (probably surface runoff).
Also, the Weir Cove drainage ditch (Figure 4) had been partially
filled, as had been recommended by several consultants hired by
the Brooksville town committee charged with regulating the reha-
bilitation of the mine site (Dow and Hurst, 1971b).
When the mine was in full operation, sea water was used in
the ore separation process. The metal-bearing rock was crushed
and ground in a ball mill, after which relatively small amounts
of chemicals were added to facilitate the froth flotation process
(Dow, personal communication). Used process water, bearing sus-
pended solids and dissolved metallic ions, as well as some of the
processing chemicals, was discharged continuously into Goose Cove.
A 1966 hydrographic survey by the FWPCA and the Maine Depart-
ment of Sea and Shore Fisheries, using rhodamine-B dye and fluoro-
metric detection equipment, revealed that the flow of seawater is
generally northeastward from the channel between Holbrook Island
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and Goose Cove (Figure 3), following the sinuosity into Holbrook
Cove (Dow, 1971b, Dow and Hurst, 1971b). Water exits Holbrook
Cove westerly through the channel separating Holbrook and Nauti-
lus Islands (even during a flooding tide). Thus, a more or less
continuous counterclockwise circulation is maintained around
Holbrook Island. This circulation pattern was confirmed by 1972
Summer Laboratory participants (MITSG 72-19) using current drogue
observations. The effluent water from the mine is believed to
follow this same pattern. The FWQA (1970) established a sampling
station on the eastern side of Goose Cove, which continually re-
corded the highest metal concentrations throughout their survey
(#8, Figure 1). During the FWQA survey, record high concentra-
tions of manganese, cadmium, chromium, nickel, zinc and lead for
the Atlantic coast were recorded in the tissues of the soft shell
clam Ma arenaria, (Dow, 1971; Dow and Hurst, 1971b).
Smith Cove, to the east, is not believed to receive waters
because of the circulation pattern. A control station was estab-
lished here during this investigation.
Literature review on the effects of heavy metals on marine organ-
isms The effects of heavy metals on human health have been under
investigation for almost a century. Only in the last two decades
however, have the possible effects of metal ions on ecological
systems, especially aquatic ecosystems, come under close scru-
tiny. Only a small proportion of these studies concern themselves
with the effects on whole aquatic communities, especially non-
mobile benthic communities whose members cannot escape the
possible detrimental effects caused by the nearby discharge of
metal-bearing wastes.
Usually, individual species are exposed, under laboratory
conditions, to various concentrations of a toxic substance, one
or more heavy metals in this case. From the resulting data, a
median toxic level(TL 50) is determined for each test species and
duration of experiment. This TL50 is the concentration of toxic
substance in the organism's medium (water) which will produce a
50% mortality, within a specified time, of all the individuals of
the test species.
When the toxic substance is introduced directly into the
organism's body, an analogous toxicity threshold, the LD5 0
(lethal dose), is defined similarly. Such toxicity thresholds
for test animals (usually rats) are artificially applied to human
populations, and governmental agencies (e.g. the Food and Drug
Administration) routinely set standards based on the data of such
tests.
The Food and Drug Administration proposed standards for
maximum concentrations of six heavy metals in several commercially
important bivalve mollusc species (Table 1), based on the toxicity
of these metals, and their known cumulative behavior over time in
mammalian tissues. Of the six metals, only mercury does not occur
in appreciable quantities in the vicinity of Cape Rosier (Dow and
Hurst, 1971b).
Many bivalve molluscs concentrate dissolved metals in their
flesh, several orders of magnitude above environmental water con-
centrations (Bryan, 1971). Thus, edible species may present a
17
Table 11 FDA
Metal
Zinc
Copper
Cadmium
Lead
Mercury
Chromium
Proposed Maximum Metal Concentrations in Shellfish
(ppm)
Oysters
Crassostrea virginica
2,000
175
3.5
2.0
2.0
Soft Shell Clam
Mvya arenaria
30
25
.5
5.0
.2
5.0
Hard Shell Clam
Venus mercenaria
65
10
.5
Mercury
Chromium
Surf Clam
Spisula solidissima
20
5
.5
.2
1.0
Metal
Z inc
Copper
Cadmium
Lead
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health hazard to humans if the shellfish are exposed to minute
quantities of metallic ions in water or adsorbed on the surface
of suspended particulates (especially the phytoplankton on which
most bivalves preferentially feed) (Bryan, 1971). Pringle, et
al..(19 68) observed that the concentration of lead in the tissues
of soft shell clams (Yya arenaria) was proportional to the con-
centration in water, and that the concentration in the tissues
reached a maximum 1000 times above the test water concentration
after two months of continuous exposure.
Such accumulation experiments can be successfully performed
only when the accumulating metal is not immediately toxic to the
test organism. Pringle, et al (1968) found that copper concentra-
tions in water greater than 0.02 ppm were extremely toxic to Mya
arenaria. Donald Harriman, of the Maine Department of Sea and
Shore Fisheries reported the following period of survival of
lobsters kept in holding tanks with plumbing of the listed mater-
ialst control (wood)--55 days, lead and stainless steel--28 days,
aluminum--25 days, zinc--18 days, and copper--3.5 days (Dow, 1969).
Whitley (1968) reported TL 50's of 27-49 ppm (lead) and 46 ppm
(zinc) for the three common freshwater oligochaete species.
Raymont and Shields (1964) reported the following toxic thres-
holds for copper to the common polychaete sandworm Nereis virens:
3 day TL50--1.5 ppm Cu, 4 day TL50--0.5 ppm Cu, and "several
week" TL50 of 0.1 ppm Cu. Although unimportant as a commercial
crop in England, where this study was done, this species forms
the basis for a lucrative baitworm fishery in Maine (Dow and
Creaser, 1970), and in 1968, this species was worth twice as much
19
lobster per pound wholesale (Dow, 1969).
Bryan (1971), in an extensive review article, summarized
experiments on a variety of marine and estuarine organisms. Data
for ambient metal ion concentrations in coastal waters, saturation
concentrations in seawater, adsorption of metal ions on suspended
particulate matter, and absorption mechanisms and rates of various
marine animals and seaweeds are reviewed in detail.
The effects .of dissolved metal ions on various test organisms
(mostly teleost fishes) were found to depend greatly on the mole-
cular speciation of the metal being tested. Chelation of dissolv-
ed metal ions by organic molecules in the sediment was found to
greatly decrease the previously observed toxicity on benthic or-.
ganisms and fish. Synergistic and antagonistic effects on thres-
hold toxicity levels produced by various metal combinations, and
metals combined with various environmental factors were frequent-
ly observed (see Bryan, 1971).
In a related experiment using tailing pond water from the
Callahan Mine site, Gentile and Erickson (cited in Dow and Hurst,
1971b) were able to decrease the toxicity of the test water to
the common phytoplankter Cyclotella nana by addition of various
concentrations of the chelating agent NTA. Undiluted tailing
water reduced cell counts to 5% of those found at a control sta-
tion near Ram Island, 20 ppm of NTA added to the culture reduced
growth inhibition, raising cell counts to 60% of those at the
control station.
The Bryan (1971) review also correlates high toxicity of
metals to various developmental stages. In particular, larval
20
stages were found to be the most susceptible. Similar age-
specific susceptibility has been observed for a wide range of
marine taxa when exposed to various petroleum fractions (Moore,
et al, 1973).
Higher taxa with more complex behavior patterns have shown be-
havioral changes due to metal ion interference with neural process-
es. Again, similar susceptibility has been observed in relation
to dissolved hydrocarbons (Todd et al., 1972).
Only one study has been found which documents the effects of
metal ions on a whole aquatic community (Laurie and Erichsen
Jones, 1938). The fauna of a river in Wales with 43 lead mines
in its watershed was studied from 1918, when the last mine closed,
until 1937. In 1921, only 14 species were found in the river.
The dissolved lead level ranged from 0.2 to 0.5 ppm at that time.
By 1932, the number of species had increased to 103, and dissolved
lead was below the detection limit at 20 ppb. The 1932 fauna re-
mained stable to the end of the study in 1937.
Diversity and stability in biological communitiesa An extensive
body of literature now exists concerning the causes and mechanics
of community self-regulation in nature. This section is not in-
tended as a complete critical review of the different theories
concerning diversity which have arisen. They are mentioned here
only for reference for those readers not familiar with this liter-
ature. In this section, some of the theoretical and sampling
problems, encountered in trying to quantify community parameters,
will be discussed.
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Pianka (1966) presented a review of the concepts involved
in each theory. Sanders (1968) restated the hypotheses:
a. The Time Theory: All communities tend to diversify
with time. Older communities, therefore, are more di-
verse than younger communities.
b. The Theory of Spatial Heterogeneity (Hairston, 1959):
The more heterogeneous and complex the physical (topo-
graphic) environment, the more complex and diverse its
flora and fauna become.
c. The Competition Theory (Williams, 1964)s Natural selection
in higher latitudes is controlled by the physical environment,
while in low latitudes biological competition becomes paramount.
c'. (Slobodkin and Sanders, 1969) In environments of high
physical stress, selection is largely controlled by the physic-
al variables, but in historically low stress environments,
natural selection results in biologically accomodated commun-
ities derived from past biological interactions and competition.
d. The Predation Hypothesis (Paine, 1966): There are
more predators in the tropics who intensively crop the
prey populations. As a result , competition among prey
species is reduced, allowing more prey species to coexist.
e. The Theory of Climate Stability (Fischer, 1960, and
Dunbar, 1960): Because of the greater constancy of resources,
environments with stable climates have more species than envi-
ronments of variable or erratic climates.
e'. The Theory of Environmental Stability: The more
stable the environmental parameters -- such as temper-
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ature, salinity, oxygen -- the more species present.
f. The Productivity Theory (Connell and Orias, 1964)t
All other things being equal, the greater the productivity,
the greater the diversity.
Sanders (1968, 1969) developed his own theory, the Stability-
Time Hypothesis, based on a combination of a, c', and e' above,
and a concept called "predictability" (Slobodkin and Sanders,
1969). Johnson (1970) found that Margalef's (1963, 1968, 1969)
concept of a "mature" cpmmunity was closely allied with Sanders'
"biologically accommodated" community when both were viewed in
the context of community succession.
MacArthur (1965) and Johnson(1970) both found changes in
diversity associated with small-scale differences in environmental
factors within a particular habitat. In a "new" environment (an
island uninhabited by animals), MacArthur found that as animals
(birds, in this case) migrated to the island, diversity increased,
and all species ranged over all the habitats of the island (Which
they could not do on the mainland because of competition), until
different species began to compete for resources. Different species
then began choosing habitats where they were favored over other
species in the competition struggle. Immigrating species now
selected only the most favorable habitat instead of covering the
whole island. Thus, the diversity of the island was influenced
by a "within habitat" component, and a "between habitat" component,
the balance favoring the latter as more bird species arrived. A
similar two-component diversity has been observed for plant com-
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munities (Whittaker, 1965). Johnson (1970) found that small-
scale perturbations in space and time could partially explain
the spatial and temporal heterogeneity observed in what were once
thought to be homogeneous communities.
This implies that in areas with a wide variety of micro-
habitats, many individual samples arranged in a spatial pattern
have a smaller chance of picking up the same species each time.
This problem is believed to be one cause of the faunal variation
observed in Holbrook Cove in this study (see RESULTS and DISCUSS-
ION).
The terminology used in supporting the theories stated above
can become quite confusing at times. The first point at which
confusion arises is the definition of "community". Various
authors use the word with the implication that there are definite
interactions between organisms, while others define it as a mere
aggregation of organisms found at the same place and time. Some
define it as being composed of all the organisms in an area, while
others consider only those organisms which can be picked up with
their sampling techniques as the community. Mills (1969) reviews
these problems, and offers a definition which has been adopted in
this study. "Community means a group of organisms occuring in a
particular environment, presumably interacting with each other and
with the environment, and separable by means of ecological survey
from other groups."
The term "diversity" is also used with a variety of meanings.
The simplest is merely the number of species in a community. An-
other closely related but actually quite different use is the
24
number of species in a sample of the community. More complex de-
finitions consider the number of individuals, and the distribution
of individuals among the species. For example, consider two com-
munities, each with 10 species and 100 individuals. The community
with 10 individuals for each of the 10 species is intuitively more
diverse than one with one species with 91 individuals and 9 species
with one individual each. The diversity based on number of species,
and the diversity based on both number of species and distribution
of individuals among species, have been termed "species diversity"
and "dominance diversity", respectively, by Whittaker (1965).
Many subdividions of "dominance diversity" have been proposed,
mostly in conjunction with one or more mathematical indices used
to quantify diversity (to be discussed later).
Stability is probably the most difficult term to define, but
it may well be the most important, at least from the point of
view of applied ecology. It is not uncommon in the literature to
find "diversity" and "stability" used interchangeably. Diversity,
in units based on the abundance and distribution of individual
organisms, gives a measure of the community structure within
which interactions among individuals may occur. It is a measure
of the maximum number of possible interorganism links which can
take place.
"Stability" is related to the energetics of the organism
interactions in the community. It represents the functional re-
lationships within the community, and can be viewed as the "de-
pendability" of trophic interactions to reduce the effects of
environmental fluctuation on community members. Trophic energe-
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tics determines a large part of community stability, so it is
logical to express it in terms of energy flow per unit biomass
(Margalef, 1968), just as diversity's unit is the individual. It
is the parameter of most interest to applied ecologists, who fre-
quently must evaluate the ability of a community to withstand a
new stress (usually caused by man).
When "diversity" and "stability" are used synonymously, the
obvious implication is that the importance of a species to the
community is proportional to its abundance. This is only a very
rough first approximation. A better estimator of stability can be
obtained by determining biomass per species. Still better is an
estimate based on productivity per unit biomass for each species,
which in actuality is a measure of energy flow per unit biomass.
It should be obvious that it becomes much more difficult to quan-
tify each more accurate estimation of stability.
The actual measurement of community diversity can be accom-
plished by a number of methods. Fisher, et al. (1943 ) proposed an
index based on the frequently observed log-normal distributions
of the number of individuals among species. MacArthur (1955)
first employed an index, H, based on information theory and de-
rived independently by Shannon (1948) and Wiener (1948)s
5
H = p 2 p where s is the total number of species
i= 1092i
in the community, and p. is the number of individuals in the
ith species divided by the total number of individuals in the
community. Pielou (1966a, b, c, and 1969) and Lloyd and Ghelardi
(1964) discussed in detail various theoretical and practical as-
pects of applying the Shannon-Wiener function to biological com-
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munities. The interested reader is urged to consult these refer-
ences. Also, relatively concise, self-contained chapters on the
hypothesized causes and measures of community diversity have been
written by Krebs (1972) and Emlen (1973).
Correlations have been observed between different diversity
indices applied to the same data (Johnson and Raven, cited in De
Benedictis, 1973; and McErlean and Mihursky, 1969). Both studies
found the Shannon-Weiner index to be highly correlated with the
number of species. Johnson and Raven implied that species number
alone was an adequate estimator of community diversity. DeBenedic-
tis (1973) found that this close correlation was a mathematical
property inherent in the Shannon-Wiener index, and not closely
dependent on the actual data used. Hurlbert (1971) criticized the
index as being unrelated to the biological realities of community
structure, and proposed his own index, a Probability of Inter-
specific Encounter.
While criticisms of diversity indices, especially the Shannon-
Wiener function, may be a bit harsh, it is probably true that much
effort has been expended on the theoretical derivation of indices
of diversity. Sampling problems, which frequently impede collect-
ion of the data so necessary as inputs to these indices, have not
received the same attention. Often, species data from a sample are
assumed to approximate the whole community, which is probably not
the case (Pielou, 1966 a, b).
Keeping these criticisms in mind, it was nevertheless decided
to employ the Shannon-Wiener function in the present study. Mod-
ifications of the Shannon-Wiener index, using pi's in terms of
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biomass (Wilhm, 1968) and productivity (Dickman, 1968), could be
used to obtain better approximations of community stability, as
far as study data would allow. Problems with sampling made impos-
sible the application of the index to the study data (see RESULTS
and DISCUSSION).
Benthic communities in New England coastal waters: Most of the
quantitative studies of coastal benthic infaunal communities
have been carried out along the New England coast. These studies,
especially one made in an area in Maine similar to the study area
for this investigation, provide a good basis for comparison with
study data.
Sanders (1956) first described two communities in the sedi-
ments of Long Island Sound. One, termed the Nephthys incisa -
Yoldia limatula community after the dominant polychaete and bi-
valve, was found to prevail in sediments with a high silt-clay
fraction. At a few Long Island Sound stations, characterized by
sediments with a high sand fraction, amphipods of the genus
Ampelisca were dominant. After extensive sampling in Buzzards
Bay, Sanders (1958) renamed the mud community the Nephthys incisa-
Nucula proxima community, and named the sand community the
Ampelisca spp. community. Further extensive sampling (Sanders,
1960) revealed that in the silty sediments of Buzzards Bay, 11
species composed 95% of the total fauna by number, and 10 species
composed 95% of the biomass. In both instances, Nephthys incisa
and Nucula proxima were the most abundant. The great majority of
individuals belonged to deposit feeding species, which ingest sed-
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iment and digest organic detritus, excreting the remainder. In
contrast, most of the species in the Ampelisca spp. community were
suspension feeders, which filter organic matter out of the water
above the sediment surface.
Rhoads and Young (1970) examined the mechanism by which
Nucula spp. rework silty sediments, and found that granular pellets
at the sediment-water interface were produced, and that resuspen-
sion of sediment by Nucula spp. prevented the repopulation of
of suspension feeders. They termed this latter phenomenon Trophic
Group Amensalism. In extensive sampling in Cape Cod Bay similar
to the Sanders (1958) Buzzards Bay study, they could not find
further supporting data for their hypothesis. The suspension
feeding bivalve Thyasira gouldi was often found in silty sediments
dominated by Nucula spp. (Young and Rhoads, 1971).
In the Sheepscot River estuary in Maine, Hanks (1964) found
a similar silt bottom community. Robert Dow (personal communica-
tion) recommended that control stations for the present study be
situated west of Muscongus Bay, since he believed that all of the
Penobscot Bay area east as far as Mount Desert Island was contam-
inated by heavy metals to some extent, Due to the logistical
problems inherent in obtaining samples, the long trip to a metal-
free area was ruled out, and it was decided to use Hanks' data
instead.
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MATERIALS AND METHODS
Based on the results of a previous survey of the Cape Rosier
area (FWQA, 1970), a sampling grid pattern was laid out in the
immediate vicinity of Goose Cove (Figure 3) with the hope of
producing a detailed mapping of heavy metal residues in benthic
sediments and of various parameters of the infaunal benthic com-
munity. A control station was established in Smith Cove (shown
in Figure 2), since it was believed that mine effluents would not
be carried into Smith Cove due to the counterclockwise circulation
pattern previously discussed. However, a relatively high metal
background, the product of over a century of intermittent mining,
exists throughout the area (FWQA, 1970; Dow, personal communica-
tion) so no nearby location is completely suitable as a control.
Hanks' (1964) data for the Wiscasset area was used as a metal-
free control.
A Petersen grab with a 0.1 m2 sample area was used during
July, 1972 to obtain all samples. A lobster boat modified for
oceanographic work and SCUBA diver deployment was used. Generally,
a crew of four or larger was needed for the sampling operation.
Water samples for chlorophyll a, and salinity analyses were taken
simultaneously. To minimize variation in water quality data,
sampling was undertaken only on an incoming tide. One crew mem-
ber operated the boat, while another continuously checked position
using a hand held bearing compass, against landmarks (squares
along high water line in Figure 3) which had previously been sur-
veyed with relation to a USGS benchmark on Cape Rosier; the other
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crew members performed the-sampling operation. A core sample was
obtained by means of a diver-operated corer in Goose Cove (Figure
3). The position shown is approximate due to the fact that the
divers could not navigate precisely due to high turbidity near
the soft sediments. It had originally been intended that a series
of core samples at one station would be taken by divers and sorted
at Castine to determine the optimum number of grab samples needed
at each station to pick up all species present. However, the
logistics of boat availability and of diver deployment prevented
the execution of this plan.
Upon return to the dock at Castine, a 4 oz. subsample of
sediment was placed in an acid-rinsed jar and acidified with 2-3ml
concentrated HNO 3. The remainder of the sediment was sieved
through a 0.25 mm aperture screen, the aperture having been
chosen in light of Reish's (1959) analysis of the effect of aper-
ture size on sampling efficiency. The portion held by the sieve
was preserved with a 5% solution of formalin in seawater (to pre-
vent osmotic swelling), and buffered with sodium borate (to pre-
vent calcareous shell decomposition). Seven sediment samples
were sorted by the author under a low magnification stereo micro-
scope, the invertebrates were identified, as far as possible,
using available keys and checklists (Smith, 1964; Gosner, 1971;
Miner, 1950; Pettibone, 1963; and Knowlton, 1971). It is inter-
esting to note that of the 52 positively identified polychaete
species taken in Holbrook Cove in the FWQA (1970) study, only 24
are named in Knowlton's (1971) checklist of Maine invertebrates.
Although the checklist is not meant to be all-inclusive, and in-
cludes mostly species found during sampling in southwestern Maine
(Robert Knowlton, personal communication), the discrepancy still may
be of significance, and must be kept in mind when interpreting the
FWQA data. Selected species (the more numerous ones)were weighed,
both wet and dry, to determine conversion factors from wet to dry
weight for each phylum. In addition, mollusc shells were dissolved
in dilute acid to determine shell-free biomass. The attempt to de-
rive conversion factors was not successful; the wide variation in
factors obtained within each phylum was probably due to different den-
sities and surface area/volume ratios for different sized animals.
In the analysis of the sediments for heavy metals, the 4 oz.
subsample was dried and sieved through a 0.5 mm aperature screen.
The sediment was digested and analyzed according to the procedures
given by EPA (1971), with modification suggested by the New Eng-
land Aquarium (1972). The procedure determined only total extract-
able metals; the sediment was not completely digested. This is
believed to be a good approximation of the total sediment metal
level, since adsorption of metal ions oy sediments occurs on the
sediment particle surface. The very small suspended particles
discharged in the effluent settle to the sediment, and are small
enough to be completely digested by the methods used in this study.
Zinc, Copper, Lead, Cadmium, and Chromium are the major components
of the effluent. Since the laboratory glassware used in the analy-
sis had previously been cleaned with chromic acid, chromium was
not determined in this study.
Briefly, the EPA (1971) method for determining extractable
metals, as used here, proceeds as follows: 5.0000 grams of dry
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sediment is wet digested for several hours in a 1/1 mixture of
cencentrated distilled HCl and HNO 3. Undissolved sediment is
filtered out using a 0.8/Millipore glass fiber filter. The fil-
trate is diluted to 50 ml in volumetric glassware using distilled
deionized water. All glassware used in the process is acid-washed,
and never comes into contact with tap water.
In the determinative step, a Jarrell Ash Atomic Absorption
Spectrophotometer with direct concentration readout on a scale of
1 to 100 was used. Primary standards were diluted and used to set
the scale limits for each metal determination. This was a high
accuracy, low precision determination due to the two significant
fiqure scale readout.
Zinc and Copper were determined by volumetrically diluting
the acid filtrate to the appropriate dilution. Reagent blanks
were run on the two acids used. Both showed less than 0.1 ppm
of any metal (both read 0 on a scale of 100 set to equal 10 ppm
for each metal). Since replicate sediment samples were obtained
for only 3 stations, no confidence intervals are given for the
data. Rather, values are reported to two significant figures,
following the convention outlined by Skoog and West (1969).
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RESULTS
In an attempt to duplicate the Gentile and Erickson study
(cited in Dow & Hurst, 1971b) which showed a 25% reduction in phy-
toplankton chlorophyll in Goose Cove, chlorophyll measurements were
made at 3 m depth intervals above the benthic smapling stations dur-
ing July, 1972 (MITSG 72-19, 1972). Because the mine was no longer
discharging tailings, no abnormalities in chlorophyll distributions
were observed. Temperatures ranged from 180C at the surface to 80C
at 6 meters (below the thermocline). Salinity ranged from 25 to 30
ppt, increasing with depth. Dissolved oxygen (measured in July 1971;
MITSG 72-3) ranged from 10.58 ppm at the surface to 8.50 ppm at the
bottom at station 3 B. Qualitative observations of sediment samples
indicated that particulate organic matter was abundant, and prob-
ably was not a limiting factor on the benthic community,
Concentrations of each of the heavy metals are shown for each
station in Figures 5, 6, 7 and 8. Table 4 tabulates the results,
and gives the distribution of the metals with increasing sediment
depth at the core station. Table 6 lists metal concentrations found
in May 1968 by FWQA (1970), just after the mine opened. A comparison
of the two sets of data shows a significant increase in metals during
the intervening period.
Using the UCLA Biomedical Computer Programs Package, Program BMD
02D, a correlations matrix (Table 3) and plots of each metal concen-
tration vs. distance from the outfall (Figures 9-12), total metals
vs. distance (Figure 13), log 10 C~total metals7 vs. distance (Fig-
ure 14), and log 10 Eeach metalj vs. distance (Figures 15-18), were
obtained (See Table 2 for printout variable notation),
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Table 3 indicates a high correlation among the four metals
(variables 1 - 4). The relatively low correlation of lead
(variable 3), .938, with the others may indicate atmospheric
lead contamination introduced during sample preparation, or per-
haps just a differential precipitation rate in Holbrook Cove sea-
water. The correlation between distance and the four metal con-
centrations, -.49, is not improved much by taking log 1 0 of the
concentrations. No entry for variable 11 is given in Table 3,
since some of the Cadmium data was keypunched as 0.0, rather than
<0.2, and the program, of course, cannot compute the logarythm
of 0.0. The plots will be dealt with in detail in the DISCUSSION
section.
The faunal analysis was the most disappointing aspect of the
study. Results for the seven analyzed samples are given in Table
5. All values are number / 0.1 m2 . A notation such as 8/4/2/1/1
indicates the distribution of individuals among species not yet
identified. "N C" means that faunal fraction was not counted in
the sample. A notation such as " 4& species" means that at least
4 as yet unidentified species are present, perhaps more. Biomass
units are given in grams, a "w" indicating a wet sample, "d" a
dried sample. The prolonged time necessary to pick the inverte-
brates out of the sediment (approximately 60 hours for a one quart
sample), combined with the inexperience of the author in identify-
ing the invertebrates, hindered the processing of many samples.
There is some precedent for computing diversities without having
keyed each individual down to species (Hairston, 1959). However,
this did not seem warranted in the present study. Attempts to
wl
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contact systematists connected with the Research Institute of
the Gulf of Maine (TRIGOM, a consortium of the colleges in Maine)
during the summer of 1973 proved fruitless. Thus, the data are
left in current incomplete state. It is believed that the
sampling program was not capable of identifying all of the species
inhabiting Holbrook Cove. Perhaps an order of magnitude increase in
sampling, carried year-round, would be sufficient to describe the
community (see DISCUSSION).
Two sets of duplicate samples were taken and sorted (Stations
4A and 4B, Table 5). Marked differences are evident between dup-
licate samples taken at the same time and place. For this reason,
abundances are reported per 0.1 m2 rather than 1 m2 , since extra-
polation of the population to 1 m2 is clearly not justified. A
qualitative examination of the sediment samples indicated local-
ized differences in the Holbrook Cove area (Figure 19). A large
shallow sill of sand and gravel at the western end of the Holbrook
island channel is the most obvious anomaly. Sediment heterogeneity
probably exists on a much smaller scale, and cannot be seen within
the present study, It is probable that the irregularity of the
coastal and bottom topography in Holbrook Cove, combined with the
swiftness of the currents through the channel between Cape Rosier
and Holbrook Island (up to 35 cm/sec at the surface), produce
very irregular, patchy sediment distributions. It is quite prob-
able that the community in Holbrook Cove is not analogous to the
level-bottom communities found a little farther from shore,
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Table 2
Notation for Table 3 and Figures 9 to 18
Variable
Variable
Variable
Variable
Variable
Variable
Variable
Variable
Variable
Variable
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
Sediment Zinc concentration (ppm)
Sediment Copper concentration (ppm)
Sediment Lead concentration (ppm)
Sediment Cadmium concentration (ppm)
Approximate distance in yards from mine outfall
Sum of the four metal concentrations (ppm)
log 1 0 [Sum of four metals,7
log10  ['Zinc_ (ppm)
log10  [Copper_ (ppm)
logl0 [Lead7 (ppm)
Variable 11. logl 0 ,Cadmium.7 (ppm)
CORRELATION MATRIX
COL.
3
0.9243
1.9474
1.0000
0.9435
-).4887
0.9382
0.9044
0.9057
0.8544
0.9035
COL.
8
0.9289
0.9407
0.9057
0.9286
-0.5245
0.9349
0.9874
1.0000
0.9302
0.9323
COL.
1
ROW
COL.
2
1.0000
0.9936
0.9243
0.9969
-0.4860
0.9990
0.9078
0. 9289
0.8364
0.8456
COL.
6
0.9990
0.9974
0.9382
0.9977
-0.4912
1.0000
0.9182
0.9349
0.8517
0.8619
0.9936
1.0000
0.9474
0.9930
-0 * 4973
0.9974
0.9333
0.9407
0.8780
0.8828
COL.
7
0.9078
0.9333
0.9044
0.9107
-0.5193
0.9182
1.0000
0.9874
0.9744
0.9650
COL.
4
0.9969
0.9930
0.9435
1.0000
-0.4884
0.9977
-. 9107
0.9286
0.8421
0.8627
COL.
0.8364
0.8780
0.8544
0.8421
-0.4691
1.8517
0.9744
0.9302
1.0000
0.9542
COL.
5
-0.4860
-0.4973
-0.4887
-0.4884
1.0000
-0.4912
-0.5193
-0.5245
-0.4691
-0.5352
COL.
1)
0.8456
0.8828
0.9035
0.8627
-0.5352
0.8619
0.9650
0.9323
0.9542
1.0000
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Table 4
Sediment Heavy Metal Concentrations (ppm)
Station
Goose Cove
Core Sample
depth (cm)
0
10
20
Zinc
200
190
250
70
80
220
140
140
150
3900
7800
240
210
140
720
160
160
290
95
220
110
8000
8600
3500
Copper
80
210
450
15
25
65
35
20
60
1600
3000
80
70
65
350
45
45
100
85
50
30
3000
2200
320
Lead
42
120
90
19
20
28
21
31
41
350
760
55
59
37
130
42
34
30
26
33
23
Control 100
Cadmium
1.0
2.7
0,.2
<0. 2
<0.2
0.4
<0.2
<0.2
<0.2
16.0
36.0
1.2
0.6
0.2
4.0
0.6
0.2
0.4
<0.2
0.4
<0.2
580
710
280
36 o.420
VARIABLE
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5900.000
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4700.000
4500.000
4300.000
4100.000
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3700.000
3500.000
3300.000
3100.000
2900.00
2700.000
2500.000
2300.000
2100.000
1900.000
1700.000
1500.000
1300.000
1100.000
900.000
700.000
500.000
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-500.000
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Fig ure
1 11 1
1 1 2 111 1 1 1
+ 9300.000
9100.000
8900.000
8700.000
8500.000
+ 8300.000
8100.000
7900.000
. 7700.000
7500.000
+ 7300.000
7100.000
6900.000
6700.000
6500.000
+ 6300.000
. 6100.000
5900.000
5700.000
5500.000
+ 5300.000
. 5100.000
4900.000
4700.000
. 4500.000
+ 4300.000
4100.000
3900.000
3700.000
3500.000
+ 3300.000
3100.000
2900.000
2700.000
2500.000
+ 2300.000
2100.000
1900.000
1700.000
1500.000
+ 1300.000
1100.000
900.000
700.000
500.000
4+ 300.000
100.000
-100.000
-300.000
-500.000
+ -700.000
-80.000 320.000 720.000 1120.000 1520.000 1920.000
4
120.000 520.000 920.000 1320.000 1720.000
VARIABLE
2
-80.000
120.000
3000.000
2940.000
2880. 000
2820.000
2760.000
2700.000
2640.000
2580.000
2520.000
2460.000
2400.000
2340.000
2280.000
2220.000
2160.000
2100.000
2040.000
1980.000
1920.000
1860.000
1800.000
1740.000
1680.000
1620.000
1560.000
150.000
1440.000
1380.000
1320,.000
1260.000
1200.000
1140.000
1080.000
1020.000
960.000
900.000
840.000
780.000
720.000
660.000
600.000
540.000
480.000
420.000
360.000
300.000
240.000
180.000
120.000
60.301
0.0
21
2 1
2 2
11 +
Figurea 10C .
+
+
4.
I.
+
+
+
+
11.0
+
VARIABLE 5
320.000
520.000
720.000
920.000
1120.000
1320.000
1520.000 1920.000
1720.000
3000.000
2940.000
2880.000
2820.000
2760.000
2700.000
2640.000
2580.000
2520.000
2460.000
2400.000
2340.000
2280.000
2220.000
2160.000
2100.000
2040.000
1980. 000
1920.000
1860.000
1800.000
1740.000
1680.000
1620.000
1560.000
1500. 000
1440.000
1380.000
1320.000
1260.000
1200.000
1140.000
1080.000
1020.000
960.000
900.000
840.000
780.000
720.000
660.000
600.000
540.000
480.000
420.000
360.000
300.000
240.000
180.000
120.000
60.000
0.0
-80.000 320.000 720.000 1120.000 1520.000 1920.000
520.000 920.000 1320.000
1 1
120.000 1720.000
VARIABLE 5
1120.000 152.000
1320.000
1920.000
1720.000
880.00
860.000
840.000
820.000
800.000
780.000
760.000
740.000
720.000
700.000
680.000
660.000
640.000
620. 000
600.000
580.000
560.000
540.000
520.000
500.000
480.000
460.000
440.000
420. 000
400.000
380. 000
360.000
340.000
320.000
300.000
280.000
260.000
240.000
220.000
200.000
180.000
160.000
140.000
120.000
100.000
80000
60.000
40.000
20.000
0.0
-20.000
-40.000
-60.000
-80.000
-100.000
-120.000
Figure
2 2
1 1
11 1
11
1 1
+ 880.000
. 860.000
. 840.000
. 820.000
. 800.000
+ 780.000
. 760.000
. 740.000
. 720.000
. 700.000
+ 680.000
. 660.000
. 640.000
. 620.000
. 600.000
+ 580.000
. 560.000
. 540.000
. 520.000
. 500.000
+ 480.000
. 460.000
. 440.000
. 420.000
. 400.000
+ 380.000
. 360.000
. 340.000
. 320.000
. 300.000
+ 280.000
. 260.000
. 240.000
. 220.000
. 200.000
+. 180.000
. 160.000
. 140.000
. 120.000
. 100.000
+ 80.000
60.000
40.000
20.000
0.0
+ -20.000
. -40.000
. -60.000
. -80.000
. -100.000
+ -120.000
-80.000 320.000 720.000 1120.000 1520.000 1920.000
-80.000
120.000
320.000
520.000
721 . 03
920.000
VARIABLE
120.000 1720.000520.000 920.000 1320.000
VARIABLE
4
-80.000
VARIABLE 5
320.000
120.000 520.000
720.000
920.000
1120.000 1520.000
1320.000
1920.000
1720.000
F i gure 1238.00037. 200
36.400
35.600
34. 800
34.000
33.200
32.400
31.600
30.800
30.000
29.200
28.400
27.600
26.800
26.000
25.200
24.400
230600
22.800
22.000
21.200
20.400
19.600
18.800
18.000
17.200
16.400
15.600
14.800
14.000
13.200
12.400
11.600
10.800
10.000
9.200
8.400
7.600
6.800
6.000
5.200
4.400
3.600
2.800
2.000
1.200
0.400
-0.400
-1.200
-2.000
-80.000 320.000 720.000 1120.000 1520.000 1920.000
+ 38.000
. 37.200
- 36.400
35.600
34.800
+ 34.000
. 33.200
32.400
31.600
30.800
+. 30.000
- 29.200
28.400
27.600
* 26.800
+ 26.000
25.200
e 24.400
23.600
22.800
+ 22.000
21.200
. 20.400
19.600
18.800
+ 18.000
17.200
16.400
15.600
14-800
+ 14.000
13.200
. 12.400
. 11*600
10.800
+ 10.000
9.200
8.400
7*600
6.800
+ 6.000
5.200
4.400
3.600
2.800
+. 2.000
. 1*200
0.400
-0.400
-1.200
+ -2.000
1I
1 1
2 1
2 2
.. ...........
1720.000520.000 920.000 1320.000120.000
000*0261 000*01 000*011 C000?L*0 000*0E 0000
000*0091-
000*0011-
000*006-
000 *009-
000*00E-
0*0
000*00E
000*009
000*006
000001
000*0051
000*0081
000*0012
000*0047Z
0OOOLZ
000*000E
000*00EE
000009E
000*006E
00000Z1
000*005
000*0084
000001W
000*004,S
000*00LS
000*0009
000*00E9
000*0099
0000069
000*002L
000*00L
000008L
000*0018
000*0048
000*00L8
000*0006
000*00E6
0000096
000*0066
000*00201
000*00501
000*00801
000*00111
000*004,11
000*00L11
000*0001
00000E21
000*00921
000*00621
000*001E1
I I1I1 1I1z
EL Jnlb!A
08-
+ 000*001-
* 000*0Q11-
* 000*006-
* 000*009-
* oooooE-
+ 0*0
* 000*009 * 
000009
* 000*006
* 000*001
+ 000*0091
* 000*0081
* 000*0012
* 000*00LZ
+ 000*000E
* 000*009E
* 000*006E
* 000*0024
+ o000005
* 00000Ts
* 0000001S
0 60000OLS
+ 000*0009
* 000*00E9
* 000*0099 * 
000*0069
* 000*00ZL
+ 00000L
* 000*008L
* 000*0018
* 000*0048
* 000*00L8
+ 000*0006
* 000*00E6
* 000*0096
* 000*0066
* 00000101
+ 000000901
* 000*00801
* 00000111
* 0000011
* 00000L11
+ 000*00021
* 000*00EZI * 
000*00921
* 000*006Z1 * 
00000E1
+ 000*00sE1
+*+* ***+***+****+****+*****+****+ ****+****+****+***+**** +****+****+***+**++
000*0211
000*0261
000*02E
000*02si000*0211
000*0?6
000 021L
000*02;
OCG 0OZE
000*021
s 319vIlJVA 1ViA
ooo*ozEl 000*OZ6 OOOODZS000*021 000*0ZLI
000*08-
39V I*dV A
VARIABLE
7
-80.000
120.000
VARIABLE 5
320.000
520.000
720.000
920. 000
1120.000
1320.000
1520.000
1720.000
1920.000
Figure 14
4.530
4.470
4.410
4.350
40290
4.230
4.170
4.110
4.050
3.990
3.930
3.870
3.810
3.750
3.690
3.630
3.570
3.510
3.450
3.390
3.330
3.270
3.210
3.150
3.090
3.030
2.970
2.910
2.850
2.790
2.730
2.670
2.610
2.550
2.490
2.430
2.370
2.310
2.250
2.190
2.130
2.070
2.010
1.950
10890
1.830
1.770
1.710
1.650
1*590
1.530
-80.000 320.000 720.000 1120.000 1520.000 1920.000
520.000 920.000 1320.001
+ 4.530
. 4.,470
. 4.410
. 4.350
. 4.290
+ 4.230
. 4.170
. 4.110
. 4.050
. 3.990
+ 3.930
. 3.870
. 3.810
. 3.750
. 3.690
+. 3.630
. 3.570
.
-3.510
. 3.450
3.390
+ 3.330
. 3.270
. 3.210
. 3.150
3.090
+ 3.030
. 2.970
. 2.910
. 2.850
. 2.790
+ 2.730
. 2.670
. 2.610
. 2.550
. 2.490
+. 2.430
2.370
. 2.310
2.250
. 2.190
+ 2.130
. 2.070
. 2.010
. 1.950
. 1.890
+ 1.830
. 1.770
. 1.710
1.650
. 1.590
+. 1.530
1 1I
1 1
4
120.000 1720.000
+ * + *+ *+ * * * * * * * * * * * * + * + *+ * + * * * * * * * + * * *
0990*1
D891
OWL *1
00801
09981
00 6"
091 "Z
08Sz
000,%
090%Z
O?1 %
081 *c
08+7 *
009 *
U99 %O
0?LOE
OBL *E
096 *i
0800+1
"/1 *47
00 z * +
08 c It
I1 I
9L. ejnb~i-
+ Ec8£*1
*o~
* CZ9*1
+ 0~901
e 047L *
* 06*.I
+ OU6*1
f,4* 0* Z
+ (8 O
a 0 0 47m
& 0919
+ 08 5
* Z *
+ 090£z
+ 0900C.
* MO~E
+ OU O
*009oz
* 09941
+ (ULOE
*0479 *
* Z *
+ 08 E 47
000*Q?&1
000*0 LI
000 S
000*0ZET
000 0?11
S; 319V I dVA VId
I1I
000*02 6
000 0?ZL
000*02SC Uib~ ~
000*021 000*02E1 000*02Z6 000*0OZ 000*0211
I 9V 'dV
VARIABLE 5
1120.000
1320.000
1520.000
1720.000
1920.000
3.810
3.750
3.69)
3.630
3.570
3.510
3.450
3.390
3.330
3.270
3. 2 10
3.150
3.090
3.030
2.970
2.91 )
2.850
2.790
2.73 '
2.670
2.610
2.550
2.4901
2.43-)
2.370
2.310
2.25)
2. 190
2.130
2.070
2.010
1 . 950
1.890
1.830
1. 77)
1.*710)
1.650
1.590
1.530
1.470
1.410
1.350
1.2 9,)
1.230
1.170
1.110
1.050
3. 99 )
0.930
C.870
0 .813
-80.000
120.000
320.000 720. 000
520.000 920.000
Figure 16 . 3.810
.. 3.690
.
. 3.630
.
3.570)
+ 3.510
. 11 . 3.450
.
. 3.390
. 3.330
.*. 3.270
+ 1 + 3.2103.150
.. 
3.09')
.. 
3.030
2.970
++ 
2.910
. 2.850
.. 2.790
. 2.130
..
.1 . 2.670
+ 
+ 2.61)
.1 . 2.550
.. 
2.490
. 2.430
.
2.370
+ 1 + 2.310
. 2.250
. 2.190
. 2.13
. 2.070
.
+ 2.010
1 2 . 1.83)
I . 1.770
+ 1 + 1.710
.101
1 .0 " I120. ,1 192*11.65
1 . 1,470
.
+ 1.410
+1. 1.350)
.
. 1.290
.1. 1.230
. 1 + 1.110
+. 1.050
. 0.990
.. ".930
.. 1.879
+ 
+ 0.810
12.000000 .20.720. 920.000.0 1320500000 11220.00
VAR IABLE
1720.000520.000 920.000 1320.000120.000
VARIABLE
10
-80.000
12 -. Y -
3.060
3.020
2.980
2.94--
2*900
2.860
2.823
2.780
2.740
2.700
2.660
2.62 1
2.580
2.540
2.5T')
2.460
2.420
2.380
2.340
2. 31 1
2.260
2.220
2.18-1
2.140
2.100
2.060
2.020
1.98.)
1.940
1.900
1.861)
1.820
1.780
1.740
1.700
1. 66J
1.620
1.580
1.54)
1.500
1.460
1.420
1.380
1. 34')
1.300
1.260
1.221
1.180
1.140
1.100
1.060
VARIABLE 5
3?0.000
520. ",)
720.000
923.0;1C,
1120.000 1520.000
1320.000 1720.000
Figure 1 7
1 1
1920.000
+ 3.06-
. 3.020
. 2.980
. 2.940
. 2.900
+. 2.860
2.820
. 2.780
. 2.740
2.700
4+ 2.660
. 2.620
2.580
2.543
2.500
+. 2.460
. 2.420
2.380
2.340
2.300
+ 2.260
2.22
2.180
2.140
. 2.10n
+. 2.060
2.020
. 1.980
1.940
1.900
+. 1.860
1.820
1.780
1.740
1.700
1.660
1.620
1.580
1.540
1.500
+. 1.460
1.420
1.380
. 1.340
1.300
+. 1.260
1.220
1.180
1.140
. 1.100
+. 1.060
-80.000 320.000 720.000 1120.000 1520.000 1920.000
120.000 520.000 920.000 1721. 010
VARIABLE
11
1.921)
1.860
1.800
1.740
1.680
1.62,)
1.560
1.500
1.440
1.380
1.320
1.260
1.200
1.14)
1.080
1.020
*.964
0.900
0.840
0.780
0.720
1.66-)
0.600
0.540
0.48)
0.420
0.360
0.300
0.240
t).18'
0.120
0.060
_g0 1
-0.060
-0.120
-0.180
-0.240
-0 .300
-0.360
-0.420
- 4 *481
-0.540
-0.600
-0.660
-C.720
-J .789
-0.840
-0.900
-3.96,
-1.020
-1.080
VARIABLE 5
70.000 270. 011 47 ) 2" '-) 6 7 ) .000 870.101)
170.000 370.000 570.000 770.000 970.000
Figure 18
1 1
70.000 270.000 470.000 670.000 870.000 1070.00
+ 1,920
1.860
1.800
1.740
1.680
+ 1.620
1.560
1.501
1.440
1.380
+ 1.32)
1.260
1*200
1.140
- 1.080
+ 1.020
0.960
* 0.900
0*840
0.780
+ 0.720
0*660
0.600
. 0.540
. 0.480
+- 0.420
* 0*363
0.300
0.240
0*180
+ 0.120
0*060
-0.000
-0.060
-0.120
+ -0.180
-0.240
-0.300
-0.360
-0.420
+ -0.480
. -0.540
-0.600
-0.660
-0.720
+. -0.780
* -0.840
* -0.90)
-0.960
-1.020
+ -1.080
970.000570.000 770.000
53
Table 5
Holbrook Cove Infaunal Results
(see text for explanation)
4A #1 4A #2 4B #4 4B #5
# biomass # biomass # biomass # biomass
Polychaeta
.NephthYs incisa (large)
Nephthvs incisa (juvenile)
Aricidea jeffreys§i
Capitella capitata
C irratulidae
Phyllodocidae
Eteone lactea
Maldanidae
1 .081 6w
83 .0019
5 .197 6 w 2
319 108
19
61 .0091w
40 .0060w
9
7
others
Mollusca
Modiolus spp, (juvenile)
Thyasira spp.
Cardita borealis
Astarte, 2 spp.
others
18/8/1/1
6 9/5& spp.
1
20
2
2 .0887 (minus shell)
15
3
17/7/3/2
Arthropoda
Halocarus spp.
Ostracoda
Harpocticoid copepoda
3& spp.
Amphipoda
Isopoda
Nematoda
189 4
53 .0112d
NC (but very
scarce)
2/2/1
NC NC
TOTAL SPECIES
.0368d
.0195w
36
5/2/1
NC 23
9/11/2/1/1/1/1/1
23 8 25 2
El
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Table 5
Holbrook Cove Infaunal Results (cont'd)
(see text for explanation)
Polychaeta
Nephtys incisa (large)
Nephthvs incisa (juvenile)
Aricidea jeffreysii
Capitella capitata
Tube polychaete
4C
# biomass
.o4o4d
3 .2 4 24 w
25
2
3D
# biomass
1 (1st)
1 (2nd)
113
48
Control
# biomass
120
76 .022w
19
73
others 1/1/1
Nemertea
Mollusca
Modiolus spp.
Thyasira spp.
Pandora gouldiana
Nucula proxima
Nucula delphinodonta
others
Arthropoda
Halocarus spp.
Ostracoda
Harpacticoid cuegoda
Amphipoda
1 .4179
1/1
NC
61 (10& spp.)
1
.20w41 0339d
20
8 .3932
minus shell
MyaMacoma
tehta
34
634
78 (3& spp.)
Nematoda NC 73 993 .0301d
------------------------------- ----------------------
24TOTAL SPECIES 11 10
V
*
Ceb Pt
MQin A
C GRAVEL 0
AND
BAND
0
SEDIMENT TYPE
DISTRIBUTION
-0-- SAMPLING STATION
WATER LEVEL Ar LOW T0E
- WATER LEVEL AT HIGH TIDE
* SUBMERGED ROCK OR SHOAL
DISTANCE YARDS)
Figure 19
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DISCUSSION
The high correlation among metal concentrations (Table 3),
the very striking decrease in metal concentration with increasing
distance from the outfall, and the order-of-magnitude increase in
Holbrook Cove metal concentrations over those found in samples
taken 4 months after the mine opened (Table 6), all identify the
Callahan Mining complex as the primary source of the heavy metals
in the sediments of Holbrook Cove.
Mathis and Cummings (1971), in a study of heavy metal pollu-
tion in an Illinois river, and Dow and Hurst (1971b), using FWQA
(1970) Cape Rosier data, found that metal concentrations in sedi-
ments were very highly correlated with metal concentrations in the
tissues of clams (coefficients from 0.67 to 0.85 for the four
metals). If this correlation can be extrapolated to the much
higher concentrations found in the present study, then it is prob-
able that all edible bivalves in the area have exceeded the FDA
standards shown in Table 1. This could present a serious health
hazard if commercial harvesting is allowed to continue in Holbrook
Cove (commercial clammers were regularly seen working the Cove in
July, 1972).
A close examination of the semilog plots of concentration
vs. distance (Figures 13, 15, 16, 17, and 18) reveals a distinct
bimodality in the data. Two straight lines can be drawn through
the data, one with a large slope through the data taken in Goose
Cove, another, through data obtained in the channel between Hol-
brook Island and Cape Rosier. This difference can possibly be
Table 6
Water, Sediments, Seaweeds
May 1968 Samples
Holbrook Cove (FWQA,
(metals expressed in
See Figure 1 for Station
d. S'weeds Clams Water
n Zn Zn Cd
.2 113.07 16.6 <.01
.0 92.53 13.8 <.01
.5 105.23 14.4 4.0l
.8 207.12 16.6 <.01
.5 256.20 45.2 <.01
Sta
1
2
4
7
8
Sta
1
2
3
4
7
8
Water
Zn
4.01
4, 01
<.01
4.01
<.01
Water
Cu
.07
.09
.10
.12
.09
.10
Clams
Cu
2.7
2.3
4.3
4.6
8.4
6.8
Water
Pb
<.01
<.01
4. 01
z. 01
<.01
<. 01
and Clams
1970)
ppm)
locations
Sed. S'weeds
Cd Cd
.26 .66
.32 .66
.18 .63
.36 1.29
.44 .14
Sed.
Pb
3.59
2.97
2.40
3.35
5.27
3.17
S'weeds
Pb
4.47
4.63
3.90
4.79
6.69
4.05
Se
Z
12
36
18
47
99
Sed.
Cu
5.51
5.62
4.81
9.93
26.79
7.69
S'weeds
Cu
7.36
8.86
7.26
5.05
12.81
19.26
Clams
Cd
.2
.1
0
.1
.8
Clams
Pb
4.6
1.1
3.2
2.1
19.5
17.0
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explained by examining the methods by which the effluent water is
dispersed from the outfall pipe. It is probable that small scale
diffusion processes play a large role in dispersal within the
relatively protected waters of Goose Cove. Also, the relatively
large suspended particles in the tailings are likely to settle
out here, On the other hand, once the effluent leaves Goose Cove,
current advection probably dominates as a means of dispersal.
Since current advection is more efficient in moving the effluent,
a smaller decrease in metal concentration per unit distance tra-
velled is to be expected outside Goose Cove. This expectation
is supported by the data, since the slope of data taken outside
Goose Cove is less steep than the slope of data taken inside.
It should be noted that Atomic Absorption Spectrophotometry
is incapable of detecting different chemical molecules compounded
with a metal atom. Wide ranges of toxicity have been observed
for different metals depending on how the metal is compounded.
For example, methyl-mercury is know to be 103 times more toxic
than metallic mercury. AAS techniques cannot distinguish between
the two. It is probable that much of the metal concentration ob-
served in Holbrook Cove is chelated by sedimental organic matter.
This could drastically reduce toxicities in the area, Thus, it is
possible that clams Mya arenaria and sandworms Nereis virens may
still be found on the intertidal flats around the cove even though
metal levels in contiguous sediments may be several orders of mag-
nitude higher than the TL50 's reported in the literature. This
should not be interpreted as minimizing the potential threat to
humans and invertebrates, however.
The Callahan Mining Corporation has transformed itself into
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the Callahan Aquaculture Corporation, and is now planning to raise
Coho Salmon in the open pit, which they hope to flood in the near
future. It is hoped that the broad question of metallic specia-
tion, ionic dispersal, toxicity, and bioaccumulation in the fish
be thoroughly investigated before the plan becomes operational
and the fish are put on the market.
As the present study progressed, it became evident that a
large number of factors would influence the faunal abundances
and distributions actually observed at each station. First, patch-
iness in faunal distributions is frequently observed in homogen-
eous sediments. A single grab sample in time and space cannot be
expected to show this clumping. Second, the very irregular topo-
graphy in Holbrook Cove can be expected to greatly influence cur-
rents at the sediment-water interface, particle size distribution
of the sediments, abundance of particulate organic matter at the
sediment surface, and probably many other environmental factors.
Thus, patchiness in faunal distribution is greatly influenced by
small-scale environmental heterogenity.
A gradient of environmental stress is hypothesized for the
area. The only estimator of the stress is the metal concentration
in the sediment. Synergistic effects among the metals and chela-
tion of metals may greatly affect the toxicity to local organisms,
and these cannot be quantified. Year to year variations in
spawning, mortality, deposition of organic matter, etc., may
greatly change the numbers of individuals observed in the area.
Each of these problems alone is enough to cause grave dif-
ficulties in setting up and carrying out a sampling program.
6o
When these four effects are combined, only very powerful statisti-
cal techniques applied to very large collections of year-round
data could possibly separate out the effects of the mine effluent
on the local infauna.
Grassle (1973) set forth guidelines for sampling to evaluate
the effects of a waste discharge (an oil spill in thiscase):
1. The distribution of oil from spillages should be
determined and a sampling program should be initiated
to include both affected and unaffected areas (control).
2. The sampling program must include samples for chemical
and sediment analysis as well as biological samples.
3. The benthic subtidal and intertidal benthic infauna
are likely to be severly affected by oil and may be
quantitatively sampled to yield a relatively clear
result.
4. Whole taxa rather than selected species should be
used in assessing effects,
5. All results should include species identifications.
6. Screens used in separation of animals from sediments
should be small enough to include the whole size range
of individuals of the species studied.
7. Sampling should include enough replication to clearly
indicate that samples are representative.
It is obvious that all of these guidelines were not followed
in the present study (especially guidelines 4, 5, and 7). Strict
adherence to these guidelines would have resulted in a sampling
program extending over several years, much greater than the one
month of intensive sampling employed here.
Since complete data are unavailable, trends of individual
species will be examined, taking care not to draw conclusions not
warranted by the available data.
Except for station 4A #1 (Table 5), the minimum estimate of
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number of species in the samples closest to the outfall (4B #5,
4C, and 3D) were about i the number per sample in the rest of
Holbrook Cove and the control.
Nucula proxima, reported as a community dominant in Long Is-
land Sound, Buzzards Bay, and the Sheepscot estuary, was abundant
only in the Smith Cove control sample, and totally absent in Hol-
brook Cove. Only seven molluscs were found at station 3D, and all
were juveniles of species that were abundant elsewhere in Holbrook
Cove.
The vast majority of the Nephthys incisa were juveniles spawn-
ed during the preceeding spring. Sanders (1956) followed the de-
velopment of various Nephthys spp. year-classes in Long Island
Sound (Figure 20). The August, 1953 data (upper left hand corner)
implied that the zero year-class (juveniles) exceeds the one year-
class by a ratio of about 3/1. The ratio of the one year-class to
the zero year-class (0-10mm individuals) in the Holbrook Cove area
ranged from 8/1 to 60/1. This indicated a mortality specific to
young Nep2hthvs spp. much higher than that of Long Island Sound.
The FWQA (1970) study reported a similar preponderance of juveniles,
although their Nephthys spp. data is not reported by year-class.
Much more data are necessary before this mortality can be attributed
to metal toxicity, however.
Nematodes at station 3D were smaller and less numerous than
those at the control station. Most of the nematode population may
have been washed through the 0.25 mm screen during sieving, so it
is possible that this was a difference in average size, not
necessarily abundance.
62
Figure 20
75 oo 0
Length in mm.
Histograms showing size distribution of Nephthys incisa.
Interpretation of the limits of the year-classes is indi-
cated by dotted lines. (Redrawn from Sanders, 1956)
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No trends can be inferred from data on other species due to sam-
pling problems mentioned previously.
Sanders (1958) reported densities of Nucula proxima for both
Long Island Sound and Buzzards Bay. These ranged from 1,200 to
10,000/m2 in sediments with a high silt-clay fraction. Nucula
proxima, found only at the Smith Cove control station, was present
in density of only 200/m 2 . The high backgound metal level may be
one explanation for this. The very high levels in Holbrook Cove
have perhaps eliminated this species completely.
It is useful to briefly examine the reproductive and disper-
sal strategies employed by sessile benthic organisms exposed to a
continuous source of environmental stress. In a stable climax
community, most organisms put most effort towards self-maintenance;
they try to maximize the parameter K in the 6lassic logistic equa-
tion, the carrying capacity of the environment (Pianka, 1970).
Factors which are dependent on population densities regulate the
community. When exposed to a continuous environmental stress, pop-
ulations may be reduced to a point below which only density-inde-
pendent factors affect growth. These organisms now must "stay in
the game" by maximizing r, the rate of population increase. Organ-
isms, which usually live in physically controlled environments
where the successional stage is not mature, often can reproduce
faster than the organisms which dominated the "K-selected" com-
munity before the envionmental stress was introduced, It often
happens that, once competition is removed by the stress, the
fast reproducers or "r-selected" species, will take over as domin-
ants. This has been observed with the polychaete Capitella
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capitata in areas of low oxygen induced by sewage or oil dis-
charges. Once the stress is removed, however, K-selected species
can recolonize the area and outcompete Capite~l spp. After an
oil spill at West Falmouth, a virtual monoculture of Capitella
developed in sediments exposed to oil. As the oil leached out of
the sediments, other species began recolonizing, and the Capitella
population promptly collapsed (Sanders, 1973).
It is interesting to note that one bivalve species, Gemma
gemma did not recolonize the formerly polluted sediments as rapid-
ly as most other invertebrates. Hanks (1968) observed the same
phenomenon in a "new" benthic area formerly free of all organisma.
The reason for this slow dispersal in the fact that Gemma gemma
is ovoviviparous, i.e. it bears live young, hatched internally,
rather than laying eggs which hatch into pelagic larvae. Juven-
ile Gemma spp. must therefore disperse by moving through the sed-
iment, while disperal for most other species is accomplished by
the movement of pelagic larvae by water currents. Thus, organisms
with this "Gma" type of dispersal will be among the last to
colonize an area.
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